The main objective of this paper is to select a right lubricant from amongst a number of lubricants during the machining of En-31 steel work piece with tungsten carbide inserts by using combined multiple attribute decision-making method. The procedure is based on a combined TOPSIS and AHP method. The selection of an optimal material for an engineering design from a list of available alternative materials on the basis of two or more attributes in multiple attribute decision making problem. The analytic hierarchy process, being a simple, but powerful decision making tool, is being applied to solve different manufacturing problems. TOPSIS method is based on the concept that the chosen alternative should have the shortest Euclidean distance from the ideal solution and the farthest from the negative ideal solution. TOPSIS thus gives a solution that is not only closest to the hypothetical best, which is also the farthest from the hypothetically worst. Lubricant selection factors are identified and these are chip-tool interface temperature, cutting force, tool wear and surface roughness. Combined multi-attribute decision-making is aimed at integrating different measures into a single global lubricant index helps to select right lubricant and rank the given lubricant for a steel turning operation. The framework that is used in steel turning operation could serve as one of the tools for making a strategic decision. The effectiveness of our model is demonstrated through an actual experimental work.
INTRODUCTION
Almost all machining process produces heat and friction which will potentially damage the cutting tools as well as the surface finish of the machined workpiece. To reduce the friction, transfer heat and to remove metal particles away from the cutting zone normally lubricants/cutting fluids are widely used in metal cutting industries during machining operation. Heat formation in machining involves two important processes, firstly generation of heat during the deformation of the metal by cutting tool and secondly friction during the movement of chips between the workpiece and the cutting tool. It is very important to provide proper lubricant to reduce the friction and remove the heat as rapidly as possible. A proper combination of cutting conditions is extremely important because this determines surface quality of manufactured parts. The growing demand for higher productivity, product quality and overall economy in manufacturing by machining and grinding, insists high material removal rate and high stability and long life of the cutting tools. But machining and grinding with high cutting velocity, feed rate and depth of cut is inherently associated with generation of large amount of heat and high cutting temperature. Such high cutting temperature not only reduces dimensional accuracy and tool life but also impairs the surface integrity of the product by inducing tensile residual stresses, surface and subsurface micro-cracks in addition to rapid oxidation and corrosion [1] .
The cutting fluids serve many useful functions including, cooling of the cutting tool at higher speeds, lubricating at low speeds and high loads, increasing tool life, improving the surface finish, reducing the distortion due to temperature rise in the work piece, facilitating chip handling and disposal, providing a protective layer on the machined surface from oxidation and protecting the machine tool components from rust. But the application of conventional cutting fluids creates some environmental problems like environmental pollution, water pollution, and biological problems to operators [2] . Further, the cutting fluids also incur a major portion of the total manufacturing cost [3] . Machining with MQL [4, 5] , cryogenic cooling by liquid nitrogen [6] and solid lubricants [7] [8] are some of the alternative approaches in this direction. Minimum quantity lubrication refers to the use of cutting fluids of only a minute amount typically of a flow rate of 50 to 500 ml/hour, which is about three to four orders of magnitude lower than the amount commonly used in flood cooling condition, where, for example, up to 10 liters of fluid can be dispensed per minute. Varodarajan et al [4] used 2 ml/hr oil in a flow high pressure air at 20 Mpa, while hard turning AISI4340 steel. This may call to be near dry turning. It was found that cutting under near dry had better performance than that in dry or wet cutting in terms of cutting forces, cutting temperature, surface roughness, tool life, cutting ratio and chip-tool contact length. Lower cutting force, lower cutting temperatures, better surface finish, shorter chip-tool contact length, larger cutting ratio and longer tool life were observed in near dry cutting compared with those in dry and wet machining. Same author used specially formulated cutting fluid for turning hardened steel with minimal fluid application in pulsed jet form, which brought forth superior cutting performance [5] .
Application of solid-liquid lubrication in cutting has proved to be feasible alternative to cutting fluids, if it can be applied properly. If the friction at the machining zone can be minimized by providing effective lubrication, the heat generated can be reduced to some extent. If a suitable lubricant can be successfully applied in the machining zone, it leads to process improvement. Researchers Shaji & Radhakrishnan [7] investigated the possibility of using graphite as a lubricating medium to reduce the heat generated in the grinding zone in surface grinding. Different process parameters like cutting forces, temperature, specific energy and surface roughness were observed and reported to be reduced when compared to those in grinding with conventional coolant. The feasibility of application of graphite as a solid lubricant in surface grinding was investigated by applying it in a suitable paste form to the working surface of the wheel. Solid lubricants like MoS 2, MoS 2 base grease, graphite based grease and silicon compound mixed with SAE-20 oil have been indicated improved surface quality at different proportions while machining aluminum and brass [9] . Latkar & Basu [10] assessed the effect of machining on tool wear and surface roughness with graphite based grease mixed with base oil in varying proportions applied in MQL and compared the results with dry machining using response surface methodology while medium alloy steel was machined with tungsten carbide tool.
Boric acid (H 3 BO 3 ) is one of the most popular solid lubricant and has excellent lubrication properties without calling for expensive disposal techniques. The most important characteristics of boric acid for use as a lubricant are that it is readily available and cheap and environmentally safe. Several studies related to the lubrication properties of boric acid are carried out over the past several decades [11] , [12] . These works have primarily focused on the performance of boric acid in high temperature applications. The studies indicated that boric acid is unique layered inter-crystalline structure; it makes a very promising solid lubricant material because of its relatively high load carrying capacity and low steady state friction coefficient (0.02). Another study focused on the use of boric acid as a lubricant in forming and drilling. In metal forming applications [13] it is shown that the boric acid provided very low friction between an aluminum work piece and a steel forming tool.
Abhang & Hameedullah [14] investigated the possibility of using 10% boric acid by weight mixed with base oil SAE-40 as a minimum quantity lubricant, to reduce the heat generated in the machining zone (chip-tool interface) in metal cutting process. The existing procedure of lubricant selection for any given machining application are mainly identifying a lubricant matching with the cutting tools, work material combination and the metal cutting operation. To evaluate the performance of lubricants is determined by machining process output variables, such as tool wear, cutting forces, cutting temperature, power consumption, surface finish, material removal rate and dimensional accuracy etc. The selection procedure suggested by the researchers considered either a single machining process output variable or a number of machining process output variables and these output parameters are studied with respect to the lubricant properties and characteristics. Therefore, proper lubricants are evaluated by the researchers considering their performance with respect to each machining process output variables separately and then final decision regarding selection is taken, in a subjective manner, keeping in view the overall performance. It is clear that there is need to develop a scientific appropriate mathematical model for selection of proper lubricant during steel turning process.
Saaty [15] developed analytic hierarchy process (AHP) which decomposes a decision making problem into a system of hierarchies of objective, attribute or criteria and alternatives. AHP can effectively deals with tangible (objective) as well as non-tangible (subjective) attributes, especially where the subjective judgments of different individuals constitute an important part of the decision process. This was applied to solve various decision-making problems including the manufacturing and production areas. The analytic hierarch is a logical approach and is proved to be useful for mathematical modeling and analyzing various types of decision making situations in many fields of science and technology (Saaty) . The analytical hierarchy process deals with the problem of choosing an alternative from a set of various alternatives which are characterized in terms of factors (response). Analytic hierarchy method is widely used in almost every field of human activity, for example traffic [16] , agriculture [17] , information technology [18] , inventory control [19] , materials selection [20] , flexible manufacturing system selection [21] , cutting fluid and machinability evaluation of work materials for a given machining operation [22] . According to Chen et al [23] AHP is one of the useful methodologies and plays an important role in selecting alternatives. For evaluating the numerous criteria, AHP has become one of the most widely used methods for the practical solution of multi-criteria decision making problems [24] . The AHP is one of the extensively used multi-criteria decision making methods. One of the main advantages of this method is the relative ease with which it handles multiple criteria. In addition to this, AHP is easier to understand and it can be effectively handle both qualitative and quantitative data. The use of AHP does not involve cumbersome mathematics. AHP involves the principle of decomposition, pair wise comparisons and priority vector generation and synthesis.
Hwang & Yoon [25] developed Technique for order preference by similarity to ideal solution (TOPSIS) method. This method is based on the concept that the chosen alternative should have the shortest Euclidean distance from the ideal solution and the farthest from the negative ideal solution. TOPSIS thus gives a solution that is not only closest to the hypothetically best, that is also the farthest from the hypothetically worst. However, the methods proposed are complicated and involve more computation. The objective of lubricant selection procedure is to identify the lubricant properties and obtain the most appropriate combination of lubricant factors in conjunction with the actual requirement of the metal cutting operation. Thus, efforts need to extended to determine factors which influence lubricant selection for a given machining application, using a combined multiple attribute decision-making method (MADM), to eliminate unsuitable lubricant and selection of appropriate lubricant to strengthen the existing multiple attribute decision-making approach. Multiple attribute decision making is a simple, systematic, logical, easy, effective, efficient and convenient method, which affords industry for evaluation of work material, plant layout, selection of manufacturing process etc.
There appears to be a few applications of scientific methods or mathematical models to guide users in material and lubricant/cutting fluids selection. Rao [26] presented combined multiple attribute decision-making method in evaluation of machinability of work materials for a given machining operation. In another study also by Rao [27, 28] reported digraph and matrix method for the selection, identification and comparison of metal cutting fluids. Liao [29] presented a fuzzy multi-criteria decision making method to material selection. However, the method is complicated and requires more computation. Ashby [30] proposed multiobjective optimization in materials design and selection using utility functions.
In this paper, the combined multiple attribute decision-making method is used in the selection of best lubricant during steel turning operation with tungsten carbide cutting tools under different lubricating and cooling conditions, such as dry, wet and minimum quantity lubrication (MQL). The selection of right lubricant for a given machining application from amongst a large number of lubricants is clearly a decision making process, and hence in the present study, the application of analytic hierarchy process combined with TOPSIS is used for lubricant selection based on performance (response) of a lubricants. Multiple attribute decision-making refers to an approach of problem solving that addresses problems where the selection is made from a finite number of alternatives. The objective of this paper is to investigate the applicability of the analytical hierarchy process (AHP) combined with technique for order preference by similarity to the ideal solution (TOPSIS) to select the right lubricant during turning of En-31 steel with tungsten carbide inserts. Both are used concurrently for decision-making. Both TOPSIS and AHP are logical decision-making approaches and deal with the problem of choosing a solution from a set of candidate alternatives which are characterized in terms of some attributes [26] . Rao [26] [27] [28] suggested TOPSIS is more efficient in dealing with the tangible attributes and the number of alternatives to be assessed as compare to AHP. However TOPSIS method needs an efficient procedure to determine the relative importance of different attributes with respect to the objective, AHP provides such a procedure. Hence, to take the benefits of both the efficient methods, a combined MADM (TOPSIS and AHP) is developed and used for the selection of right lubricant from a list of available lubricants during steel turning operation. Lubricant selection factors are considered and these are chip-tool interface temperature (average cutting temperature), main cutting force (thrust force), tool wear and average surface roughness (Ra). The details and effectiveness of the combined method are presented in this paper.
PROCEDURES FOR (COMBINED AHP AND TOPSIS)
Step 1:
The first step is to determine the objective and the pertinent evaluation attributes. Analytic hierarch process is based on the decomposition of the defined decision problem to the hierarchy structure. The hierarchy structure is a tree-like structure which consists of the main goal at the top of the hierarchy (the first level), followed by the criteria and sub-criteria (also sub-sub criteria) and finally by the alternatives at the bottom of the hierarchy (the last level), as shown in Figure1. The goal presents the optimum solution of the decision problem. It can be selection of the best alternative among many feasible alternatives. Also, the ranking of all alternatives can be performed, by obtaining the priorities. Criteria (attributes) are the quantitative or qualitative data (judgments) for evaluating the alternatives.
Step 2:
This step involves a matrix based on all the information available that describes a lubricants attributes, and is called a decision matrix. Each row of this matrix is allocated to one alternative, and each column to one attribute. Therefore, an element dij of the decision matrix D gives the value of jth attribute in original real values that is a non normalized form and units for the ith alternative. Thus, if the number of alternatives is M and the number of attributes is N, then the decision matrix is an MxN matrix can be represented as follows, Step 3: Obtain the normalized decision matrix, Rij. This can be represented as,
Step 4: (a) Determine the relative importance of different attributes with respect to the objective. To do so, one must construct pair-wise comparison matrix using a scale of relative importance. The judgments are entered using the fundamental scale of the analytic hierarchy process [15] as shown in Table1. Assuming N attributes the pair-wise comparison of attribute i with attribute j yields a square matrix A NxN , where, aij denotes the comparative importance of attribute i with respect to attribute j. If the activity i has one of the above non-zero numbers assigned to it when compared with activity j, then j has the reciprocal value when compared with i. 
ii) 
(e) Obtain the Random Index (RI) for the number of factors used in decision making. (f) Calculate the consistency ratio (CR) = CI/RI Usually a CR of 0.1 or less is considered as acceptable.
Step 5:
Obtain the weighted normalized matrix V ij . This is obtained by the multiplication of each element of the column of the matrix R ij with its associated weight w j . Hence, the elements of the weighted normalized matrix V ij are expressed as:
Step 6:
Obtain the ideal (best) and negative ideal (worst) solutions in this step. The ideal (best) and negative ideal (worst) solutions can be expressed as:
Where J = (j = 1, 2… N) / j are associated with beneficial attributes and J' = (j = 1, 2… N) / j is associated with non-beneficial attributes. V j indicates the ideal (best) value of the attribute for different alternatives. In case of beneficial attributes (i.e. whose higher values are desirable for the given application), V j indicates the higher value of the attribute. In case of nonbeneficial attributes (i.e., whose lower values are desired for the given application), V j indicates the lower value of the attribute. V j indicates the negative ideal (worst) value of the attribute for different alternatives. In case of beneficial attributes (i.e., whose higher values are desirable for the given application), V j indicates the lower value of the attribute. In case of non-beneficial attributes (i.e., whose lower values are desired for the given application). V j indicates the higher value of the attribute.
Step 7:
Obtain the separation measures. The separation of each alternative from the ideal one is given by Euclidean distance by the following equations.
Step 8:
The relative closeness of a particular alternative to the ideal solution, P i , can be expressed in this step as follows.
A set of alternatives is made in the descending order in this step according to the value of P i indicating the most preferred and least preferred feasible solutions; P i may also be called as overall or composite performance score of alternative.
DETAILS OF EXPERIMENTATION
In this study, the turning operation has been conducted on En-31 steel rods with the CNMA120408 tungsten carbide inserts, cutting velocity, feed rate, depth of cut and lubricant conditions are suitably selected and given in Table II . The experiments are performed on ferrous material EN-31 steel at cutting speed, v m/min, feed f mm/rev., depth of cut d mm and tool nose radius r mm to obtain the values of chip tool interface temperatures (Tc), cutting force (Fc), tool wear rate (TW) and surface roughness (Ra) in dry, wet and minimum quantity of cutting fluid (graphite, MoS 2 and boric acid powder mixed with base oil SAE-40 by weight separately) for environmentally conscious manufacturing process having particular reference to turning. The minimum quantity lubrication without formation of foam is applied to the work piece approximates 120 ml/hr that seeps into chip -tool contact area while machining En-31 steel. So the quantity is negligible this may be called as near dry machining (NDM). In this investigation, a commercial alloy steel work piece (EN-31 steel alloy) is machined on heavy duty lathe machine (LTM-20). The work piece material Si + Si -used has a dimension of 500 mm in length and 50mm in diameter. The chemical composition of the material is shown in Table3.This material is suitable for a wide variety of automotive type applications like axle, roller bearing, ball bearings, shear blades, spindle, mandrels, forming and molding dies, rollers, blanking and forming tools, knurling tools and spline shafts. There are produced using this material by turning process.
The cutting temperature is measured using tool-work thermocouple designed, fabricated and calibrated in the Mechanical Engineering lab, AMU, ALIGARH [30] as shown in Figure 2 . On line measurement of cutting force is carried out using lathe tool dynamometer (strain gauge type three components lathe tool dynamometer as shown in Figure 2 . Surface roughness was measured on an optical microscope (Carl-Zesis, Japan made lens factor is 0.89), the surface roughness was taken perpendicular to the turning direction. In this work an average surface roughness (Ra) value were measured by taking average of three readings. Tool wear weight 'W' is measured on a sensitive single pan balance (maximum) 300 gram and minimum scale is 0.01 milligram). Tool inserts were properly cleaned before weighing so that dust or any other adhered particles are removed. Each experiment is repeated three times using new cutting inserts every time to obtain accurate readings of tool wear. The experimental results are shown in Table IV. Figure2: Experimental setup for measuring average chip-tool interface temperature using Tool-work thermo-couple technique and main cutting force by lathe tool dynamometer [31] . 
*Average of three experiment results
The various steps of the combined methodology (AHP + TOPSIS) are carried out as shown below,
The objective is to select a right lubricant among a number of lubricants. The lubricant selection factors are identified. These are chip-tool interface temperature, cutting force, tool wear and surface roughness. Higher values of chip-tool interface temperature increase the surface roughness of the products, and geometric and dimensional inaccuracy of the work piece. The main cutting force affects the rating of the motor driving the work piece and higher values of cutting force means increased power consumption during steel turning process [32] . Tool wear greatly affects the chip-tool interface temperature, at cutting zone temperature is higher which makes the softening of cutting edge of the tool i.e. tool wear [33] . Generally the cutting force fluctuates about a mean value as the cutting proceeds with time, this continuous until the tool wear reaches the maximum value. Therefore, the cutting force increases rapidly due to the rapid tool wear characteristics and more friction between tool and work piece, then increase the chip-tool interface temperature during turning operation. Cutting zone temperature, tool wear, cutting forces and surface roughness are hence desired to be low. Thus, cutting zone temperature, cutting force, tool wear and surface roughness are non-beneficial factors and therefore lower values are desirable. It required deciding the significant factors to obtain degree of lubricant from cutting temperature, cutting force, tool wear and surface roughness by combined analytic hierarchy process with TOPSIS method (AHP+TOPSIS). The preferences are quantified by using a nine-point scale. The meaning of each scale measurement is explained in Table I above. The pair wise comparisons are given in terms of how much criteria A (factor-1) are more important than criteria B (factor-2). The pair wise comparison data are organized in the form of a matrix and are summarized on the basis of Saaty's eign-vector procedure, in the absolute priorities weights that will be used to calculate the overall scale of each lubricant.
The next step is to represent all the information available of attributes in the form of decision matrix. The data given in Table 4 is represented as matrix D1 9x4 , but not shown here.
Step 3:
The quantitative values of the lubricant attributes, given in Table IV , are normalized, as explained in section 2 (step: 3). Normalized matrix:
Step 4: (Decision matrix)
The relative importance of attributes (aij) is assigned using the AHP method, as per the procedure outlined in section 2. Let the user makes the following assignments:
Now to find the relative normalized weight (Wj) of each factor by (i) calculating the geometric mean of ith row, and (ii) normalizing the geometric means of rows in the comparison matrix. If closer the value of λavg to the number of attributes n, the result is more accurate. The deviation from accuracy is represented by consistency index (CI) and obtained by formula. 
Random Index or correction for random error is denoted by RI and its value for different values of attributes (n) are given by Saaty as shown in Table V . In this example n = 4, RI = 0.90 Consistency Ratio (CR), which is the ratio of Consistency Index to the Random Index, is calculated. This ratio CR = CI/RI = 0.05996/0.90 = 0.06737 which is very less than allowed CR of 0.1 and hence acceptable. Thus, there is good consistency in choices of parameters made. It is thus approved that the decision matrix we took is right. We can thus proceed with solving the problem by deciding beneficial and non-beneficial attributes.
Step 5: The weighted normalized matrix V1 ij is calculated.
The next step is to obtain the ideal (best) and negative ideal (worst) solutions using equation 8 and equation 9, respectively. These are given as: Step 7: Here, the separation measures are obtained using equations 10 and equation11. These are:
The relative closeness of a particular alternative to the ideal solution is calculated using equation12, and these are: P(1) = 1.173x10 -3 , P(2) = 0.338235, P(3) = 0.5779156, P(4) = 0.6753907, P(5) = 0.997644, P(6) = 0.3901778, P(7) = 0.5616794, P(8) = 0.9525264, P(9) = 0.4377308
This relative closeness to ideal solution can be considered as the "global lubricant index (GLI)."
Step 9:
The lubricants are arranged in descending order according to their global lubricant index as shown in Table VI . This can be arranged as:
5 -8 -4 -3 -7 -9 -6 -2 -1. From the above calculation of lubricant index, it is clear that the 10% boric acid mixed with SAE-40 base oil by weight is the best minimum quantity lubricant (MQL) amongst all for turning En-31 steel alloy for given machining conditions. This result agrees with [14] .
The next alternative is 15% boric acid in SAE-40 base oil. The lubricants 10% and 15% boric acid in SAE-40 base oil are close competitors. The 10% boric acid offers overall lowest values of chip-tool interface temperature and cutting forces. Lubricant 10% MoS 2 in SAE-40 base oil offers the next lowest values of tool wear rate and surface roughness during steel turning operation. The decrease in the tool wear rate, surface roughness, and chip-tool interface temperatures and cutting force due to good lubrication and cooling action between chip-tool interface junction while turning operation. This is due to the layered lattice structure of these solid lubricants. The lubricating action of the minimum quantity lubricants reduces the frictional forces, between chip and tool interface and tool and workpiece interface, hence reducing the temperature developed and ultimately preventing the tool wear and prolonging the tool life, which results in surface quality improvement. This improvement can be attributed to the favorable chip-tool and tool workpiece interaction and reduction of chip-tool interface temperatures while machining. So, there is decrease of chip-tool interface temperature, cutting forces, tool wear rate and surface roughness values approximately from 9% to 14% due to flooded machining. 12 to 30% due to 10% graphite + SAE-40 oil, 35% due to 10% MoS 2 + SAE-40 oil and 46.34% due to 10% boric acid + SAE-40 oil. Thus taking into consideration all the four lubricant factors simultaneously, 10% boric acid in SAE-40 base oil is proved to be the best minimum quantity lubricant as compared to other lubricants. The above results, determined using the combined TOPSIS-Analytical Hierarchy Process (AHP), are agreed well with the experimental results [14] . It may be noted that the above ranking of lubricants may be change if the user assigns different relative importance values to the attributes. The performances of selected lubricants are agreed well with the experimental results [14] . The proposed combined TOPSIS-AHP method offers more objective, flexible, simple, weights of relative importance, checks the consistency mode in judgments and is applicable to any type of metal cutting operations in metal machining industries on shop floor area. Further more, the combined TOPSIS-AHP method can consider any number of quantitative and qualitative lubricant criteria (attributes) simultaneously, and offers more objective and logical approach.
CONCLUSION
1) The applicability of the combined TOPSIS-AHP method for selection of right lubricant based on lubricant performance such as chip-tool interface temperature, main cutting force, tool wear rate and surface finish are explored in this work. 2) It is found that the 10% boric acid in SAE-40 base oil is the best choice of minimum quantity lubricant as compared to other lubricants. Thus, the combined TOPSIS-AHP method can be applied successfully to select the right choice of lubricant during steel turning operation.
3) The proposed method identifies and considers lubricant factors and their correlations for a given metal cutting operation. 4) The proposed global lubricant index evaluates and ranks best lubricant during steel turning operation. Also, the proposed method helps in selecting the best lubricant from among the number of lubricants in steel turning operation. The proposed method is applicable to any type of machining operation and can consider any number of quantitative and qualitative lubricants attributes simultaneously. Thus, it offers a more objective, logical, simple and consistent lubricant selection approach and is applicable to any type of metal cutting operations in industries on shop floor area. 5) Combined TOPSIS-AHP method is a managerial decision making mathematical modeling technique that will be helpful to researchers and managers in the selection of right lubricant in metal cutting industries. Hence technique for order preference by similarity to ideal solution (TOPSIS) with analytic hierarchy process (AHP) method provides a convenient approach for solving complex multi-criteria decision making problems in manufacturing domains.
